The design and operation of a methanol concentration sensor suitable for use with direct methanol fuel cells is described. The sensing principle is based on the measurement of the diffusion-coptrolled current for the electro-oxidation of methanol in a polymer electrolyte membrane cell at a platinum-ruthenium electrode. The device construction and properties are described. The sensor has been integrated with an automatic fuel feed system, and has been operated for several tens of hours. The results demonstrate that the sensor is robust and sensitive to meet the demands of concentration sensing and control in direct methanol fuel cell systems.
Introduction
Direct methanol fuel cells based on the direct oxidation of an aqueous liquid solution of methanol and a polymer electrolyte membrane have been the subject of considerable research during the last ten years [l-71. As a result, significant 9 improvements in power density, efficiency and life have been reported. Performance realized in cells, stacks and systems show that this technology is a promising power source for a wide range of portable applications [5, 7] .
A 50-watt direct methanol fuel cell system has been demonstrated [2, 41, and the development of a 150-Watt packaged power source is being pursued currently at the Jet Propulsion Laboratory for defense applications. The layout for the direct methanol fuel cell system is shown in Fig. I . In this system configuration, a dilute solution of methanol of a specified concentration enters the stack. After passage through the stack methanol is .
consumed in the production of electricity and the concentration of methanol in the solution decreases. Pure methanol is added to the solution loop to maintain the required concentration. The concentration of methanol in the fuel circulation loop is an important operating parameter in that it determines the electrical performance and efficiency of the direct methanol fuel cell system [1, 2, 6, 8] . While high methanol concentration allows the attainment of higher power densities, this also results in increased fuel loss by crossover and low fuel cell efficiency. The power density and the rate of fuel crossover at a chosen cell voltage are strong h c t i o n s of the operating temperature. Hence, the methanol concentration specifications for attaining the highest efficiency vary with the operating stack temperature. Also the start-up procedure, transient performance requirements, idling mode and steady-state operation could require the methanol concentration to be specified differently [4, 5] . In short, the practical operation of direct methanol fuel cell systems requires accurate monitoring and control of methanol concentration.
Based on our experience with direct methanol fuel cell systems, a viable methanol concentration sensor should have a sensitivity of about f0.02 M over the range of 0.1-* 2M, with a response time of less than a second, although in general such specifications would be highly dependent on the mode of operation and the application. Such a sensor must also be robust and amenable to miniaturization. To this end, several methods of measurement of methanol concentration were considered. Among these were measurement of physical properties such as density, refractometry and ultra-violet light absorptivity. None of these methods satisfied all the desired criteria. The present paper reports on the principle and demonstration of an in-house developed electrochemical sensor that meets the above-said sensor requirements.
A recent report [9] on an electrochemical methanol concentration sensor addresses this need in a similar way.
Electrochemical Sensing Principle
The electro-oxidation of methanol to carbon dioxide on platinum-ruthenium catalysts [ 1, 2] is the basis of the operation of the methanol concentration sensor. Figure 2 shows .the polarization characteristics of the platinum-ruthenium anode in a direct methanol fuel cell fabricated with Nafion@ 1 17 as the polymer electrolyte membrane.
These polarization curves show that at potentials above 0.45 V the kinetics of electrooxidation of methanol is significantly controlled by mass transfer of methanol to the electrode/solution interface surface. Thus the oxidation current at high anode potentials is determined by the bulk concentration, the mass-transfer coefficient, the diffusion layer thickness and temperature. The dependence of the oxidation current on bulk concentration at 0.55 V is shown in Fig. 3 . This data suggests that the oxidation current sustained at the methanol electrode under mass-transport-limited conditions could be used to devise a sensor for methanol concentration.
Experimental Design of Sensor
In implementing the principle described above, the diffusion-controlled oxidation 
Results of Sensor Operation
A practical sensor is qualified by sensitivity, response time, robustness, and power demand. Results relating to these properties are now addressed. 
Direct methanol fuel cell system operation with methanol sensor
An automated feedback system for concentration measurement and control based on the sensor and a fuel injection device was integrated as part of a demonstration of a direct methanol system similar to that shown in Fig. 1 . The terminal voltage of the sensor was held at 0.65 V. The current through the cell was monitored and the temperaturecompensated molarity was calculated using the correlation developed earlier. This molarity value became the input to a decision making loop that controlled the methanol feed pump. The measurement and control was carried out with a PC in LabviewTM environment. Figure 6 shows the results of a typical experiment to demonstrate concentration control. At first to demonstrate the concentration monitoring capability of the sensor, a load of 14 A was impressed on the fuel cell stack. The feed of pure methanol was deliberately turned off. This resulted in a rapid decline of concentration in the fuel loop. Figure 6 shows that this decline in concentration as tracked by the sensor.
This also demonstrates that the measurement sensitivity of kO.01 M is achievable. Then, 
